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ABSTRACT 

There  are  few  non-proprietary  papers  addressing  the  mechanical  strength  of  intramedullary 
nails;  none  address  the  characteristics  of  the  proximal  and  distal  ends  of  these  devices. 

Independent  testing  of  eight  femoral  intramedullary  nail  systems  was  undertaken  at  the  proximal, 
middle,  and  distal  regions  for  strength  and  flexural  rigidity  (stifihess). 

Each  device,  usually  a  reconstruction  nail,  was  42-46  cm  in  length.  Four  or  five  nails  of 
each  available  size  (range  9-13  mm  diameter)  were  tested  for  each  system.  The  nails  were  cut 
into  proximal,  middle,  and  distal  thirds.  Each  nail  section  was  loaded  to  failure  using  a  four-point 
bend  test  on  a  custom  fixture  (modification  of  the  American  Society  of  Testing  Materials  standard 
test).  Significant  variations  (p-values  <  0.05)  were  found  for  strength  and  stifihess  between  the 
middle  and  the  proximal  or  distal  aspects  of  some  rods.  A  significant  difference  (p-value  <  0.05) 
was  observed  when  comparing  the  properties  of  earlier  designs  with  the  properties  of  more  recent 
designs.  Newer  rod  designs  all  performed  in  a  similar  manner  with  regard  to  strength.  Strength 
and  rigidity  increased  with  increasing  rod  diameter  in  some,  but  not  in  all  systems. 

Although  none  of  the  newer  designs  appeared  to  have  superior  static  strength,  the 
individual  systems  had  significant  variations  in  their  mechanical  properties  (bending  rigidity), 
particularly  at  the  proximal  and  distal  sections.  It  is  important  that  the  surgeon  become  familiar 
with  the  individual  characteristics  of  strength  and  rigidity  for  the  particular  devices  available  and 
how  these  might  impact  upon  fracture  healing.  Consideration  of  this  data  could  alter  the  decision 
to  select  one  system  over  another  in  a  complex  fracture  situation. 
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INTRODUCTION 

The  mechanical  characteristics  of  a  nailing  system  include  its  static  strength,  bending 
rigidity,  and  its  fatigue  properties.  Current  available  data  for  static  mechanical  properties  are 
proprietary  studies  that  examine  these  factors  using  a  four-point  bend  test  outlined  by  the 
American  Society  of  Testing  Materials  standard  (ASTM)  on  IM  rod  testing,  ASTM  F:  383-73^. 
All  currently  available  studies  examine  the  central  portion  of  the  nail  while  avoiding  the  proximal 
and  distal  ends 

This  testing  is  not  adequate  because  the  nail  is  not  a  uniform  device;  the  ends  have  been 
altered  and  are  filled  with  notches,  screw  threads  and  holes  that  must  be  included  for  fixation. 
These  loci,  and  specifically  the  proximal  of  the  two  distal  locking  screw  hole  sites,  have  been 
clinically  more  likely  to  fail  than  the  central  area^*’*'*.  Furthermore,  earlier  work  done  by  Russell‘S 
has  determined  that  the  central  third  of  most  available  implants  are  designed  and  composed  of 
materials  that  have  similar  rigidity  and  strength. 

In  a  tertiary  care  referral  center,  it  is  not  uncommon  to  see  a  previously  nailed  high  energy 
femur  fracture  complicated  by  femoral  nail  implant  failure.  Reports  by  Bucholz^,  Chi-Chuan*, 
Franklin®,  and  others,  have  noted  that  failure  of  these  devices  usually  occurs  in  the  proximal  and 
distal  sections,  not  in  the  middle  third.  Because  this  clinical  phenomenon  could  be  explained  if 
there  were  differences  in  the  mechanical  properties  of  proximal  and  distal  regions,  analysis  at 
these  loci  is  critical.  In  this  study,  testing  of  eight  femoral  intramedullary  locking  nail  systems  was 
undertaken  in  the  proximal,  middle,  and  distal  regions  for  strength  and  rigidity. 
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MATERIALS  AND  METHODS 

Eight  femoral  intramedullary  nailing  systems  that  could  be  used  for  complex  proximal 
femur  fractures,  usually  a  reconstruction  nail,  were  investigated  in  this  study  (Table  1).  Each 
device  was  42-46  cm  in  length.  Four  or  five  nails  (five  from  the  four  donated  systems  and  four 
for  purchased  systems)  of  each  available  size  between  ten  and  thirteen  millimeters  in  diameter, 
were  evaluated  for  each  system.  During  the  test  period,  the  titanium  unreamed  had  no  13  mm 
size,  therefore  testing  began  with  the  9  mm  size.  Also,  the  CFX  was  available  for  testing  in  the  1 1 
and  13  mm  sizes  only. 

N^ls  were  tested  in  sequence  by  increasing  diameter.  Nails  within  a  particular  diameter 
(size)  were  randomly  assigned  to  a  test  order  sequence  after  proper  labeling.  All  testing  assistants 
were  blinded  to  the  manufacturer  of  the  device  during  preparation  and  testing.  To  facilitate 
fixturing  of  the  specimen,  each  IM  rod  was  sectioned  in  a  standardized  manner.  A  band  saw  with 
an  abrasion  blade  immersed  in  an  oil-immersion  bath  sectioned  each  nail  with  two  cuts.  The  cuts 
were  made  12.5  cm  from  either  end,  resulting  in  12.5  cm  "proximal"  and  "distal"  segments  and  a 
"middle"  segment  of  17  to  21  cm.  These  cuts  allowed  a  minimum  length  of  five  mm  from  the  cut 
to  the  test  zone  of  each  segment. 

The  load  test  configuration  was  based  on  the  ASTM  standard  for  testing  intramedullary 
rods^.  Each  specimen  was  loaded  to  failure  using  a  four-point  bend  test  on  a  custom  fixture 
(Figure  1).  The  fixture  consists  of  two  roller-type  supports,  1 1.4  cm  apart,  with  two  loading 
points  through  rollers  located  at  3.8  cm  and  7.6  cm  from  the  left  support.  Segments  were  placed 
in  the  fixture  with  the  center  of  the  fixture  aligned  with  the  distal  locking  screw  hole  for  the 
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proximal  section,  the  midpoint  of  the  middle  section,  and  the  proximal  locking  hole  for  the  distal 
section.  In  all  tests,  the  load  was  applied  such  that  the  curvature  of  the  anterior-posterior  bend 
was  further  accentuated.  An  Instrom  device  (Instrom  Corp.,  Canton,  MA)  was  used  to  apply 
equal  loads  at  the  two  loading  points,  at  a  stroke  rate  of  10  mm/min.  A  load-deformation 
(vertical  displacement  of  the  nail  at  the  loading  points)  curve  was  plotted  by  the  Instron  during 
testing.  The  yield  point  was  identified  by  the  Instrom  software  where  there  was  a  change  in  the 
slope  of  the  curve  from  the  elastic  to  the  plastic  regions  and  the  rigidity  of  the  device  was 
calculated  as  the  maximum  slope  of  the  elastic  region  (smoothing  was  used  by  the  Instrom 
software  for  this  calculation).  The  test  was  terminated  when  plastic  deformation  of  the  device 
exceeded  the  yield  point  by  four  millimeters  or  fracture  of  the  device  occurred.  The  ASTM 
standard  was  modified  slightly  in  that  we  chose  to  report  strength  and  rigidity  in  terms  of  load 
instead  of  moment^ 

Data  Analysis 

A  three-factor  analysis  of  variance  was  performed  on  strength  and  rigidity  data  using 
system,  nail  size,  and  nail  region  as  factors.  A  one-way  analysis  of  variance  followed  by  a 
Student-Neuman-Kuels  test  were  used  to  identify  statistically  significant  differences  (p-values 
<0.05)  between  combinations  of  factors,  as  appropriate.  For  interactions,  each  combination  of 
system,  size,  and  region  was  treated  as  a  separate  group  for  the  Student-Neuman-Kuels  testing. 

In  a  similar  manner,  another  three-factor  analysis  of  variance  was  performed  on  strength  data  with 
factors  of  design  generation,  nail  size,  and  nail  region. 
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Statistical  analysis  between  the  different  systems  for  each  nail  size  and  section  resulted  in  a 
large  volume  of  significant  data.  To  organize  this  data  into  a  format  that  allowed  clearer 
comparisons,  further  analysis  was  limited  to  the  1 1  and  13  mm  sizes  only  and  the  statistical 
technique  of  hierarchical  cluster  analysis  was  utilized.  Hierarchical  Cluster  Analysis  groups 
together  those  systems  with  similar  characteristics  (i.e.  strength  and  rigidity)  and  also  shows  the 
relative  differences  between  these  groups.  The  hierarchial  cluster  analysis  results  were  condensed 
into  tabular  form  by  reporting  only  the  major  differences  between  cluster  groups^®. 

To  determine  the  correlation  that  existed  between  size  and  strength,  a  plot  of  strength 
versus  size  was  constructed.  Linear  regression  was  used  to  obtain  the  slope  of  this  plot. 
Hierarchical  cluster  analysis  was  performed  on  these  slopes  to  group  together  those  systems  with 
similar  strength  versus  size  relationships. 

RESULTS 

Strength  and  Rigidity  Testing 

The  mean  values  (over  4  or  5  nails)  of  strength  and  rigidity,  for  all  systems,  all  sizes,  all 
nail  sections,  are  shown  in  Figures  2  to  7.  Statistically  significant  differences  (p-values  <  0.05) 
between  the  middle  section  and  the  proximal  or  distal  sections  for  strength  and  rigidity  are 
indicated  by  a  ">"  or  "<"  symbol  above  the  column.  The  results  of  the  three-factor  analyses  are 
reported  in  Table  2. 

The  results  of  the  strength  and  rigidity  testing  for  the  middle  portion  of  the  nail  are 
presented  in  Figures  2  and  3,  respectively.  As  expected,  most  devices  had  an  increasing  strength 
and  rigidity  with  increasing  diameter.  However,  the  mean  strength  value  of  the  12  mm  ZMS 


device  was  3.6KN  less  than  the  1 1  mm  ZMS  device  and  more  flexible  by  3570  KN/m  (p-value  < 
0.05).  The  small  decrements  in  strength  and/or  rigidity  with  size  observed  in  other  systems  was 
not  statistically  significant. 

The  proximal  strength  of  these  devices  is  shown  in  Figure  4.  The  RT,  ZMS,  and  Uniflex 
systems  demonstrated  a  significantly  increased  strength  in  the  proximal  region,  compared  to  the 
middle  region.  The  Universal,  G-K,  Alta,  and  CFX  ndls  showed  no  statistically  significant 
differences  between  proximal  and  middle  region  strength.  Little  variation  in  proximal  strength  to 
size  is  noted  in  the  RT  and  Uniflex  systems,  while  the  ZMS  system  shows  a  decrease  in  strength 
with  an  increase  in  size  from  1 1  to  12  mm.  Differences  in  proximal  strength  between  the  Titanium 
unreamed  9  and  10  mm  sizes  and  the  Uniflex  12  and  13  mm  sizes  were  not  statistically  significant. 

The  RT,  ZMS,  and  Uniflex  systems  had  greater  rigidity  in  the  proximal  section  than  in  the 
middle  section  for  most  of  the  sizes  tested.  Some  of  the  other  designs  had  isolated  sizes  with 
mean  rigidity  values  that  were  statistically  different  between  the  proximal  and  the  middle  sections. 
Of  particular  interest  is  the  maximum  mean  value  of  nearly  16  KN/m  for  the  ZMS  1 1  mm  nail,  and 
the  significant  decline  in  rigidity  of  the  12  and  13  mm  devices.  Also,  the  RT  12  mm  device  was 
significantly  less  rigid  than  the  1 1  and  13  mm  sizes.  This  data  is  presented  in  Figure  5. 

Figures  6  and  7  present  the  results  of  strength  and  rigidity  for  the  distal  portion.  The 
distal  portion  of  the  nail  showed  increasing  values  of  strength  and  rigidity  with  increasing 
diameter  for  most  systems  tested.  Several  of  the  Titanium  unreamed  and  the  Uniflex  sizes  were 
statistically  weaker  at  their  distal  ends  than  in  their  mid-sections. 
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A  significant  trend,  observed  in  the  middle  portion  of  the  nail,  is  that  nails  composed  of  a 
stainless  steel  alloy  had  less  increase  in  strength,  with  a  similar  increase  in  size,  than  those 
composed  of  a  titanium  alloy.  Slopes  of  strength  versus  size  for  the  middle  section  of  all  systems 
are  presented  in  Table  3.  Hierarchial  Cluster  Analysis  confirmed  a  major  difference  between  the 
stainless  steel  and  the  titanium  alloy  groups  (also  shown  in  Table  3). 

Comparisons  Between  Manufacturers  -  Hierarchial  Cluster  Analysis 

The  analysis  for  strength  (Table  4)  demonstrated  a  major  difference  between  the  older  and 
newer  designs  and  that  these  differences  were  independent  of  the  section  of  the  nail.  The  older, 
simple,  tubular  stainless  steel  (Universal  and  G-K)  designs  were  always  in  the  weakest  grouping, 
by  size.  The  newer  designs  composed  of  complex,  tubular,  stainless  steel,  and  most  of  the 
titanium  designs,  with  notable  exceptions  being  the  Alta  and  CFX  1 1  mm  devices,  were  in  the 
strongest  group.  Table  4  summarizes  this  data. 

When  hierarchial  cluster  analysis  was  used  to  examine  the  relative  differences  for  rigidity, 
a  much  more  complex  pattern  was  found.  There  were  differences  noted  depending  on  the 
sections  examined  (Tables  5,  6,  and  7).  Devices  with  reinforced  proximal  and  distal  sections  were 
more  rigid  than  simple  tubular  devices.  Also,  simple,  tubular,  stainless  steel  and  titanium  designs 
were  more  flexible  than  the  designs  with  complex  geometry. 

DISCUSSION 

The  current  medical  literature  contains  several  articles  consisting  of  case  and  series  reports 
of  femoral  nail  mechanical  failure  prior  to  fracture  healing^'*’’’*’*'*’^®.  Generally,  this  information 
concerns  older  generation  nails  and  has  been  associated  with  complex  fracture  patterns  and  early 
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weight  bearing.  Specifically,  the  patient  at  most  risk  is  the  one  who  is  weight  bearing  before 
fracture  healing  of  his  comminuted  proximal  femur  fi-acture.  In  this  situation,  the  most  proximal 
of  the  two  distal  locking  screw  holes  is  at  greatest  risk  for  failure.^  To  overcome  these  problems, 
the  manufacturers  of  current  generation  devices  have  engineered  more  complex  products.  Design 
concepts  have  tended  toward  increasing  the  diameter  of  the  device,  "cold  working"  at  the  screw 
hole  sites,  using  closed  sectioned  devices,  and  abandoning  steel  alloys  for  the  stronger  and  less 
rigid  titanium  alloys. 

For  technical  ease  during  implantation  and  for  cost  containment  reasons,  ideally  the  same 
implant  design  should  be  used  for  both  simple  transverse  midshafl  femur  fractures  and  complex 
proximal  and  distal  femur  fractures.  For  these  complex  fractures,  there  is  concern  that  some 
currently  available  femoral  intramedullary  nailing  systems  are  resulting  in  implantation  of  a  more 
rigid  or,  potentially  worse,  a  weaker  device  in  the  area  of  concern.  Also,  there  are  conflicting 
claims  firom  competing  manufacturers  regarding  the  mechanical  characteristics  of  their  devices. 

To  our  knowledge,  there  have  not  been  any  published  independent  studies  comparing  the 
strength,  stiffhess,  and  fatigue  of  these  newer  generation  femoral  nails.  More  worrisome  is  the 
lack  of  any  study  comparing  these  devices  in  the  critical  proximal  and  distal  sections.  Also,  data 
regarding  variations  in  mechanical  characteristics  of  the  device  with  respect  to  the  diameter  are 
limited.  There  have  been  few  case  series  and  one  randomized  clinical  study  demonstrating  the 
clinical  efficacy  of  some  of  these  devices^’*^.  This  study  presents  the  static  mechanical  properties, 
strength  and  rigidity,  of  the  devices  tested. 
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Compared  to  the  mid-region,  our  data  has  clearly  shown  that  there  are  statistically 
significant  differences  in  the  strength  and  rigidity  between  the  middle  and  the  proximal  and  distal 
sections  of  some  devices.  Obviously,  a  stronger  device  is  more  desirable  than  a  weaker  one  as  this 
characteristic  is  more  closely  related  to  durability  and  fatigue  than  any  other®.  The  rigidity  of  the 
design  is  also  important.  Flexibility  is  necessary  to  allow  the  nail  to  be  inserted  without  damaging 
the  femur  and  allow  stress  transfer  to  the  bone  during  healing.  If  the  device  is  too  rigid  (more 
rigid  than  the  femur),  however,  alterations  in  fracture  repair  and  resorption  of  the  surrounding 
bone  can  result.  These  changes  have  been  implicated  in  delays  in  healing‘s  This  delay  in  healing 
causes  the  implant  to  be  loaded  for  a  longer  period  of  time,  resulting  in  device  failure,  either  from 
fatigue  or  because  it  is  stressed  beyond  its  ultimate  strength,  prior  to  fracture  healing.  The 
problem  is  that  the  rigidity  tends  to  increase  at  a  rate  greater  than  the  strength  of  the  device.  This 
phenomenon  might  explain  why  the  designs  with  reinforced  proximal  section  and  distal  sections 
still  fail  in  these  regions.  The  optimum  value  of  these  two  opposing  characteristics  has  yet  to  be 
determined  and  computer  assisted  design  models  are  currently  being  undertaken  to  aid  in  the 
optimization  of  these  parameters. 

The  results  of  size  versus  strength  (reference  Figures  2-7)  for  stainless  steel  as  a  group  and 
titanium  as  a  group  would  indicate  that  a  surgeon  using  a  stainless  steel  design  might  be  able  to 
easily  justify  not  "reaming  up"  to  a  larger  sized  nail;  there  is  less  of  an  increase  in  strength  of 
these  devices  with  size  than  their  titanium  alloy  counterparts.  Clearly,  if  the  surgeon  is  using  a 
titanium  system,  and  particularly  those  with  the  weak  smaller  size  (Alta  and  CFX)  the  converse  of 
this  concept  would  be  applicable.  Although  the  rigidity  of  the  largest  diameter  titanium  devices  is 
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usually  below  that  of  the  newer  generation  stainless  steel  counterparts,  the  data  also  shows  that 
the  rigidity  of  these  designs  usually  increases  rapidly  with  increasing  diameter.  The  surgeon  may 
feel  that  the  added  advantage  of  strength  does  not  outweigh  the  disadvantage  of  increased 
rigidity.  One  exception  to  this  is  the  Titanium  unreamed  design  from  Synthes.  Its  strength 
increases  more  rapidly  than  its  rigidity  as  size  increases.  The  12  mm  size  nail  is  significantly 
stronger  and  yet  more  flexible  than  the  12  mm  nmls  of  other  manufacturers.  Another  exception  is 
the  ZMS  system.  There  is  a  4450  KN/m  increase  in  the  middle  section  rigidity  from  the  10  to  1 1 
mm  size.  To  overcome  an  excessively  rigid  12  mm  size,  a  switch  to  a  slotted  less  rigid  design  was 
made  for  the  12  and  13  mm  sizes.  This  is  why  the  12  mm  size  is  less  strong  and  rigid  than  the  1 1 
mm  size. 

Due  to  the  large  volume  of  statistically  significant  data  obtained  while  making 
comparisons  between  different  manufacturers'  devices,  hierarchical  cluster  analysis  was  used  to 
organize  this  information  into  a  useable  format.  The  results  of  the  three-factor  analysis  comparing 
the  older  and  newer  designs  and  the  dendrograms  produced  by  this  analysis  on  strength  data 
showed  that  there  existed  a  major  difference  between  older,  simple,  stainless  steel  and  the  newer 
complex,  stainless  steel  and  titanium  designs.  The  clinical  case  series  on  implant  failure  involves 
these  older  designs.  There  is  a  notable  absence  in  the  literature  for  reporting  similar  implant 
failure  for  the  newer  designs.  This  finding  would  suggest  that  the  newer  and  statistically  stronger 
designs  have  improved  beyond  a  baseline  failure  threshold  for  routine  fracture  management.  In 
short,  when  comparing  the  relative  differences  between  manufacturers'  designs,  the  data  presented 
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here  does  not  indicate  that  any  one  of  the  new  rod  designs  will  perform  in  a  superior  manner  with 
regard  to  strength  than  any  of  the  other  new  designs. 

As  for  rigidity,  the  complex  behavior  of  this  mechanical  characteristic  makes  conclusions 
difficult.  However,  devices  that  were  reinforced  at  the  proximal  and  distal  ends  (R-T,  ZMS,  and 
Uniflex)  were  consistently  more  rigid  than  the  simple  designs  (Universal,  Ti  unreamed,  Alta,  G-K, 
and  CFX).  As  noted  above,  a  device  with  rigidity  nearer  to  that  of  the  femur  is  thought  to  be 
more  desirable.  Therefore,  consideration  should  be  made  for  the  unique  rigidity  of  the  chosen 
system  during  preoperative  planning,  particularly  with  a  complex  proximal  or  distal  femur 
fracture. 

A  custom  fixturing  apparatus  was  required  to  hold  the  test  specimen  securely  and  apply 
the  load  in  a  consistent  manner.  The  resulting  standard  deviations  were  small  enough  to  allow 
statistical  comparisons  between  size,  region,  system,  and  generation.  Also,  data  regarding  the 
strength  and  rigidity  of  the  middle  sections  of  two  manufacturer's  femoral  nails  was  available  prior 
to  our  study®”’.  These  proprietary  papers  reported  their  results  in  terms  of  load  instead  of 
moment,  thus  altering  the  ASTM  standard  slightly.  In  order  to  allow  comparisons  between  their 
data  and  our  own,  we  chose  to  report  our  data  in  a  similar  manner.  Lastly,  we  recognize  that 
most  intramedullary  femoral  ndls  fail  in  fatigue,  with  a  rare  exception  being  a  second  major  injury 
resulting  in  a  large  force  being  applied  to  an  already  fatigued  device.  As  strength  testing  is  the 
best  static  test  to  approximate  fatigue  testing,  valuable  information  can  be  gained  from  this  data’. 

This  research  would  agree  with  Winquist,  that  with  the  noted  exceptions,  the  difference  in 
the  static  strength  among  newer  designs  of  intramedullary  locking  femoral  nails  is  minimal®. 
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However,  individual  systems  have  significant  variations  in  their  mechanical  properties  (bending 
rigidity),  particularly  at  the  proximal  and  distal  sections.  No  single  locking  intramedullary  femoral 
nailing  system  can  be  recommended  for  all  femur  fractures.  Along  with  the  knowledge  of  the 
interplay  of  implant  mechanical  properties  and  its  impact  upon  fracture  healing,  a  surgeon 
confronted  with  a  complex  femur  fracture  can  utilize  the  data  presented  in  this  study  to  select  the 
system  that  will  work  best  for  this  particular  challenging  fi'acture. 
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TABLE  2 

Three-Factor  Analyses 

Factors:  System,  size,  and  region 


Factors:  Design  generation,  size  and  region 


Source 

Significance  for  Strength 

design 

0.000 

size 

0.000 

region 

0.002 

design  by  size 

0.66 

design  by  region 

0.008 

size  by  region 

0.675 

design  by  size  by  region 

0.848 
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TABLE  3 

Slope  of  Plot  -  Strength  Versus  Size/Middle  Section 


System 

Alloy 

Slope 

Corr. 

Sign 

HCA  grouping 

ZMS 

stainless 

0.23 

0.158 

0.507 

lesser 

G-K 

stainless 

0.55 

0.867 

0.000 

lesser 

Universal 

stainless 

0.65 

0.915 

0.000 

lesser 

R-T 

stainless 

0.78 

0.786 

0.000 

lesser 

Ti  unreamed 

titanium 

1.71 

0.911 

0.000 

greater 

Uniflex 

titanium 

1.88 

0.886 

0.000 

greater 

CFX 

titanium 

1.93 

0.971 

0.000 

greater 

Alta 

titanium 

2.54 

0.997 

0.000 

greater 

Table  4 


Hierarchial  Cluster  Analysis 
Strength  -  Middle,  Distal,  and  Proximal  Sections 


1 1mm  -  2  groups 
Weakest  group 
Universal 


G-K 

Alta 

CFX 

Strongest  group 
RT 
ZMS 
Uniflex 


1'^mm  -  groups 

Weakest  group 
Universal 
G-K 

Intermediate  group 
RT 
ZMS 
Alta 
CFX 

Strongest  group 


(Ti  unreamed) 


Uniflex 
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TABLES 

Hierarchial  Cluster  Analysis 


Rigidity  -  Middle  Section 
1 1  mm  -  groups 
Flexible  group 
Universal 
Alta 
CFX 

Intermediate  group 
G-K 
Uniflex 
(Ti  unreamed) 
Rigid  group 
RT 
ZMS 


i:imm  -  3  groups 
Flexible  group 
Universal 
G-K 

Intermediate  group 
ZMS 
Alta 
CFX 
Uniflex 
Rigid  group 
RT 
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TABLE  6 

Hierarchial  Cluster  Analysis 


Rigidity  -  Distal  Section 


1 1mm  -  3  groups 

nmm  -  2  groups 

Flexible  group 

Flexible  group 

Universal 

Universal 

Alta 

G-K 

CFX 

Rigid  group 

Intermediate  group 

RT 

G-K 

ZMS 

Uniflex 

Alta 

(Ti  unreamed) 

CFX 

Rigid  group 

Uniflex 

RT 


ZMS 


TABLE  7 


Hierarchial  Cluster  Analysis 


Rigidity  -  Proximal  Section 


11mm  -  2  groups 

i:^mm  -  7  groups 

Hexible  group 

Flexible  group 

Universal 

Universal 

G-K 

G-K 

Alta 

Alta 

CFX 

CFX 

(Ti  unreamed) 

Rigid  group 

Rigid  group 

RT 

RT 

ZMS 

ZMS 

Uniflex 

Uniflex 

STRENGTH  -  MIDDLE 


Figure  2:  Middle  section  strength  as  a  function  of  system  and  size. 


RIGIDITY  -  MIDDLE 


Figure  3 :  Middle  section  rigidity  as  a  function  of  system  and  size. 
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MANUFACTURER  SYSTEM  SIZE  SECTION  STRENGTH  S.D.  P  <  0.05  RIGIDITY  S.D.  P  <  0.05 
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APPENDIX  2  -  STUDENT-NEUMAN-KUELS  TEST  COMPARING 
MANUFACTURERS'  STRENGTH  BY  SIZE  AND  SECTION 
NOTE;  >  INDICATES  THAT  THE  MANUFACTURER  LISTED  AT 
LEFT  OF  THE  ROW  IS  STATISTICALLY  STRONGER  THAN 
THE  MANUFACTURER  LISTED  ABOVE  THAT  COLUMN 


10  mm  MID 


Universal 

Alta 

G-K 

Univer 

Alla 

G-K 

Uniflex  RT  ZMS  Ti  unre 

Uniflex 

> 

> 

> 

RT 

> 

> 

> 

ZMS 

> 

> 

> 

> 

Ti  unream 

> 

> 

> 

>  '  “  >  > 

10  mm 

PROX 

\ 

Univer 

Alta 

G-K 

Ti  unre 

RT  Unifiex  ZMS 

Universal 

Alta 

> 

G-K 

> 

Ti  unream 

> 

> 

> 

RT 

> 

> 

> 

Uniflex 

>  '' 

> 

> 

> 

> 

ZMS 

> 

> 

> 

> 

> 

10  mm 

DIST 

Univer 

Alta 

G-K 

Uniflex  ZMS 

RT  Ti  unre 

Universal 

Alta 

G-K 

> 

Uniflex 

> 

> 

ZMS 

> 

> 

> 

> 

RT 

> 

> 

> 

> 

Ti  unream 

> 

> 

> 

>  > 

> 

APPENDIX  2  (CONT)/ STRENGTH 


11  mm 

MID 

Univer 

G-K 

Alta 

CFX 

RT  ZMS  Uniflex  Ti  unre 

Universal 

G-K 

Alta 

CFX 

RT 

> 

> 

> 

> 

ZMS 

> 

> 

> 

> 

Uniflex 

> 

> 

> 

> 

Ti  unream 

> 

> 

> 

> 

>  >  > 

11  mm 

PROX 

Univer 

G-K 

Alta 

CFX 

Ti  unre 

RT 

ZMS 

Uniflex 

Universal 

G-K 

Alta 

CFX 

\ 

> 

\ 

Ti  unream 

> 

> 

> 

> 

RT 

> 

> 

> 

> 

ZMS 

> 

> 

> 

> 

> 

> 

Uniflex 

> 

> 

> 

> 

> 

> 

11  mm 

DIST 

Univer 

G-K 

CFX 

Alta 

ZMS 

RT 

Uniflex 

Ti  unre 

Universal 

G-K 

CFX 

Alta 

ZMS 

> 

> 

> 

> 

RT 

> 

> 

> 

> 

Uniflex 

> 

> 

> 

> 

Ti  unream 

> 

> 

> 

> 

APPENDIX  2  (CONT)  /  STRENGTH 
MID 


12  mm 


Univer 

G-K 

ZMS 

Alta 

RT  Uniflex  Ti  unre 

Universal 

G-K 

ZMS 

Alta 

> 

> 

> 

RT 

> 

> 

> 

> 

Uniflex 

> 

> 

> 

> 

Ti  unream 

> 

> 

> 

> 

>  > 

12  mm 

PROX 

Univer 

G-K 

Alta 

ZMS 

Ti  unre  RT  Uniflex 

Universal 

G-K 

Alta 

> 

> 

ZMS 

> 

Ti  unream 

> 

> 

> 

> 

RT 

> 

> 

> 

> 

> 

Uniflex 

> 

> 

> 

> 

>  > 

12  mm 

Dis;r 

G-K 

Univer 

Alta 

RT 

ZMS  Uniflex  Ti  unre 

G-K 

Universal 

Alta 

> 

> 

RT 

> 

> 

> 

ZMS 

> 

> 

> 

Uniflex 

> 

> 

> 

Ti  unream 

> 

> 

> 

> 

>  > 

13  mm 


APPENDIX  2  (CONT)  /  STRENGTH 
MID 


38 


Univer 

G-K 

RT 

ZMS  Alta 

CFX 

Universal 

G-K 

RT 

> 

> 

ZMS 

> 

> 

Alta 

> 

> 

CFX 

> 

> 

Uniflex 

> 

> 

> 

>  > 

> 

13  mm 

PROX 

Univer 

G-K 

Alta 

CFX  ZMS 

RT 

Universal 

G-K 

Alta 

> 

> 

CFX' 

> 

> 

ZMS 

> 

> 

> 

> 

RT 

> 

> 

> 

> 

Uniflex 

> 

> 

> 

>  > 

13  mm 

DIST 

G-K 

Univer 

CFX 

RT 

Alta  ZMS 

G-K 

Universal 

CFX 

> 

> 

RT 

> 

> 

Alta 

> 

> 

ZMS 

> 

> 

Uniflex 

> 

> 

> 

> 

>  > 

Uniflex 


Uniflex 


Uniflex 


V 


^  f  i 


40 


APPENDIX  3  (CONT)  /  RIGIDITY 


11  mm 

MID 

Univer 

Alla 

CFX 

Uniflex 

G-K 

Ti  unre 

Universal 

Alla 

CFX 

Uniflex 

> 

> 

> 

G-K 

> 

> 

> 

Ti  unre 

> 

> 

> 

ZMS 

> 

> 

> 

> 

> 

> 

RT 

> 

> 

> 

> 

> 

> 

RT 


11  mm 


Universal 

Alta 

CFX 

G-K 

Ti  unream 
Uniflex 
RT 
ZMS 


PROX 

Univer 


> 

> 

> 

> 

> 

> 


Alta 


> 

> 

> 

> 

> 

> 


CFX  G-K  Tiunre  Uniflex  RT  ZMS 


> 

> 

> 

> 


> 

> 

> 


> 

> 

> 


11  mm 

Universal 

CFX 

Alta 

DIST 

Univer 

CFX 

Alta 

G-K 

> 

> 

> 

Uniflex 

> 

> 

> 

Ti  unre 

> 

> 

> 

ZMS 

> 

> 

> 

RT 

> 

> 

> 

G-K  Uniflex  Ti  unre  ZMS  RT 


> 

> 


> 

> 


> 

> 


APPENDIX  3  (CONT)  /  RIGIDITY 


12  mm 

MID 

Univer 

G-K 

ZMS 

Uniflex 

Alta  Ti  unre 

Universal 

G-K 

ZMS 

Uniflex 

> 

> 

> 

Alta 

> 

> 

> 

Ti  unream 

> 

> 

> 

> 

> 

RT 

> 

> 

> 

> 

>  > 

12  mm 

PROX 

Univer 

Alta 

G-K 

Ti  unre  Uniflex  RT 

Universal 

Alta 

> 

G-K 

> 

Ti  unream 

> 

> 

> 

Uniflex 

> 

> 

> 

> 

RT 

> 

> 

> 

>  > 

ZMS 

> 

> 

> 

>  > 

12  mm 

Dis;r 

Univer 

G-K 

Alta 

Uniflex  Ti  unre  ZMS 

Universal 

G-K 

> 

Alta 

> 

> 

Uniflex 

> 

> 

Ti  unre 

> 

> 

> 

> 

ZMS 

> 

> 

> 

>  > 

APPENDIX  3  (CONT)  /  RIGIDITY 


13  mm 

MID 

Univer 

G-K 

Alla 

Universal 

G-K 

> 

Alta 

> 

> 

ZMS 

> 

> 

CFX 

> 

> 

Uniflex 

> 

> 

RT 

> 

> 

> 

13  mm 

PROX 

Univer 

G-K 

CFX 

Universal 

G-K 

> 

CFX 

> 

> 

Alta 

> 

> 

Uniflex 

> 

> 

> 

RT 

> 

> 

> 

ZMS 

> 

> 

> 

13  mm 

DISJ 

Univer 

G-K 

CFX 

Universal 

G-K 

CFX 

> 

> 

Alta 

> 

> 

Uniflex 

> 

> 

ZMS 

> 

> 

> 

RT 

> 

> 

> 

ZMS  CFX  Uniflex  RT 


>  >  > 


Alta  Uniflex  RT  ZMS 


> 

>  > 

>  >  > 


Alta  Uniflex  ZMS  RT 


> 

> 


I 


